Exposure to stressors at formative stages in the development of wildlife and humans can have enduring effects on health. Understanding which, when and how stressors cause enduring health effects is crucial because these stressors might then be avoided or mitigated during formative stages to prevent lasting increases in disease susceptibility. Nevertheless, the impact of earlylife exposure to stressors on the ability of hosts to resist and tolerate infections has yet to be thoroughly investigated. Here, we show that early-life, 6-day exposure to the herbicide atrazine (mean + s.e.: 65.9+3.48 mg l
Introduction
Stressors can have profound and enduring effects on health when experienced during formative stages of life [1] [2] [3] [4] . Understanding which, when and how stressors cause these enduring health effects is crucial because these stressors might then be avoided or mitigated during formative stages to prevent lasting increases in disease. Surprisingly, we know little about how early-life exposure to stressors affects the risk of infectious diseases later in life. Indeed, a review on later-life outcomes of early-life exposures [4] provides several examples of stress early in life having enduring effects on non-infectious disease outcomes, but offers no examples of early-life exposures affecting infectious diseases later in life (but see [5] ).
There are several mechanisms by which early-life exposure to stressors might affect disease later in life. First, vertebrate exposure to stress hormones (e.g. glucocorticoids) during key developmental windows can cause lasting alterations in the functioning of their hypothalamic -pituitary -adrenal (HPA) axis, affecting their immune system into adulthood [1] [2] [3] . These changes to the endocrine or immune system of hosts might affect infection resistance (ability to prevent or clear infections), tolerance (ability to minimize the fitness consequences of infections [6] [7] [8] [9] ) or both. The distinction between resistance and tolerance is important, because tolerant individuals can be superspreaders [3] , disproportionately facilitating pathogen transmission, whereas resistant hosts can impose strong selection pressures on parasites for increased virulence [6] . Second, the susceptibility of many species to pathogens can depend on their size and developmental stage. Thus, earlylife exposure to stressors that alter growth or development might also alter the risk of infectious disease later in life [10] . Distinguishing these mechanisms is important. On the one hand, if stressors affect host susceptibility as a function of individual size or development (i.e. quality/condition), then any stressor that affects these traits could affect disease risk. On the other hand, if the mechanism is mediated by specific effects of a stressor (e.g. a toxin) on the immune system, any enduring effect of stressor exposure could be limited to parasites controlled by affected immune parameters.
Regardless of the mechanism, it is critical that we understand the effects of early-life exposure to stressors on infectious disease. Such data are rare but could explain recent emergence of some zoonoses, as well as greater prevalence of some infections in anthropogenically modified areas [3] . Effects of stressors on disease are particularly important for amphibians because they are the most threatened of all vertebrate taxa, and many of their declines have been linked to disease [11, 12] , most prominently Batrachochytrium dendrobatidis (Bd). Bd is a chytrid fungus implicated in hundreds of amphibian declines in the past four decades, and whose distribution and consequences for hosts are influenced by abiotic stressors [13] [14] [15] [16] [17] .
We set out to test whether early-life exposure to the herbicide atrazine-the second most commonly used pesticide in the USA, and possibly the world [18] -has immediate and/or enduring effects on Bd-induced mortality of amphibians, and, if so, to identify the mechanisms driving these effects. We exposed Cuban tree frog tadpoles (Osteopilus septentrionalis), at two different windows in their development, to an ecologically relevant exposure (6-day exposure to 65.9 + 3.48 mg l
21
, mean+ s.e.; see the electronic supplementary material, Results) of atrazine (see the electronic supplementary material, figure S1 ). We then challenged the frogs with Bd, either immediately after atrazine exposure (as tadpoles) or a mean of 46 days later (postmetamorphosis), to evaluate the short-and long-term effects of atrazine on amphibian resistance and tolerance to Bd (see the electronic supplementary material, figure S1).
We formulated several specific hypotheses based on the biology of amphibian-Bd interactions, and documented effects of atrazine and early-life stressors on amphibian hosts. Frogs tend to be more sensitive to chytridiomycosis at smaller sizes and as they approach metamorphosis [19, 20] , and atrazine is known to reduce amphibian size and have variable effects on development [21] . Moreover, stressors experienced early in tadpole development tend to slow metamorphosis, whereas stressors experienced later in tadpole development can expedite metamorphosis [21] . Hence, we postulated that early-life exposure to atrazine would affect Bd-induced mortality by altering the size and developmental stage at which the frogs were exposed to Bd. In addition, in a variety of vertebrates, atrazine exposure early in life disrupts reproductive hormone regulation and morphology [22] [23] [24] , alters the HPA axis and stress hormone levels, and has enduring negative effects on performance and immunity [21, [25] [26] [27] [28] [29] [30] [31] [32] . Thus, we also hypothesized that, even when controlling for size and developmental stage, atrazine exposure would have immediate and persistent effects on Bd-induced mortality mediated by changes to host physiology. Finally, atrazine has been shown to affect amphibian resistance and tolerance to macroparasites [21, 25, 26, 33] , and thus we hypothesized that it would affect both resistance and tolerance to Bd.
Material and methods (a) Experimental design and animal care
Five weeks before the start of the experiment, we established 60 outdoor mesocosms (1.8 m diameter, 60 cm deep, approx. 1100 l) at a facility in southeastern Hillsborough County, FL, USA, each containing 800 l of water and inoculations of local zooplankton, phytoplankton and periphyton, and covered with 60% shade cloth. Forty tanks received 50 O. septentrionalis tadpoles (all at Gosner stages [25 -28,34] ) from five clutches collected from pools at the University of South Florida (USF) campus (the clutches were mixed to homogenize genetic variation before being distributed among the tanks). These pools were filled with municipal water and could not receive any run-off that might contain contaminants. This experiment was conducted in outdoor tanks, so that the food resources of the tadpoles might be more natural than in a laboratory.
We implemented a completely randomized 2Â2Â2Â2 factorial design with five replicates of each treatment (see the electronic supplementary material, figure S1 ). Tanks received either 25 ml of ethanol solvent or atrazine (Chemservice, West Chester, PA; technical grade, purity more than 98%; see the electronic supplementary material, Results) dissolved in 25 ml of ethanol. Rohr and co-workers have conducted 10 previous studies examining the effects of atrazine on amphibians and parasites (most reviewed in [21,35 -40] ). These studies quantified various traits of the amphibians and parasites [27,28,35 -41] , but never detected any immediate or later-life effects of the solvent on any measured trait. Thus, a water control was not included in our design, and we assume the effects of atrazine did not depend on the presence of the solvent (i.e. no atrazine-by-solvent interactions). To quantify actual atrazine concentrations, water samples were taken from every tank 1 h after dosing and atrazine was quantified using the Abraxis (Abraxis LLC, Warminster, PA) ELISA microtiter plate kit, with each sample processed in duplicate (measured concentrations were 65.9 + 3.48 mg l 21 , mean + s.e.). Atrazine has a long half-life [21] and was shown to have negligible breakdown over a 7-day period [41] .
To evaluate whether there were developmental windows of susceptibility to atrazine, tadpoles were exposed to the solvent control or atrazine for 6 days at one of two periods during their development, either in the first week (Gosner stage 26-28) or second week (Gosner stage 35-37) of the experiment (see electronic supplementary material, figure S1 ). These two time points were chosen because they roughly corresponded to the pre-and pro-metamorphic developmental windows in which the stress hormone corticosterone can affect the tadpole development of some amphibian species [42] . After exposure to atrazine or solvent, we characterized Gosner stage [34] and snout-vent lengths (SVLs) of all tadpoles, and exposed them to Bd or not (see below). To test for short-and long-term effects of atrazine exposure on disease risk, the pathogen treatments occurred less than 18 h or a mean of 46 days after the end of the chemical exposure period. The latter Bd exposure time was post-metamorphosis. If a tank of tadpoles was designated to be exposed to the Bd treatment postmetamorphosis, then all the tadpoles from the tank were counted and transferred to an adjacent tank after the 6-day atrazine-or solvent-exposure period and then reared to metamorphosis. These adjacent tanks were established the same way as the 'exposure' tanks but were free of atrazine or solvent. Metamorphs were pulled from the tanks every other day and maintained in the rspb.royalsocietypublishing.org Proc R Soc B 280: 20131502 laboratory (12 h light cycle, 238C) on vitamin-and mineral-dusted crickets (fed ad libitum) until their use in the Bd-exposure portion of the experiment. In summary, there were 60 mesocosms total; 40 served as the primary tanks for the 2Â2Â2 portion of the experiment (atrazine or solvent Â early or late in developmentÂimmediate or delayed Bd exposure), and 20 mesocosms had freshwater to house the delayed Bd exposure animals in the absence of atrazine or solvent.
(b) Bd exposure and quantification Tadpoles were exposed to 2 ml of the Bdþ or Bd2 ( prepared identically to Bdþ but lacked Bd zoospores) inocula in 80 ml of artificial spring water (ASW) [43] for 2 days (see the electronic supplementary material, Methods for more details). They were then transferred along with the inoculum water to 1 l cups filled with fresh ASW and fed organic spinach ad libitum. Metamorphic frogs were exposed to the Bd by pipetting 2 ml of 3 Â 10 4 zoospores ml 21 onto the frog's ventral side. Excess inoculum was collected in each frog's vented plastic container (350 ml), which contained 125 ml of dampened autoclaved soil collected from the USF campus. In general, five tadpoles or metamorphs were exposed to Bd from each tank, but these numbers varied depending on survival. Post-metamorphic frogs were fed five vitamin-and mineral-dusted crickets (5-15 mm) twice per week, and tadpoles were fed organic spinach ad libitum. During the Bdþ or Bd2 exposure periods, tadpoles and metamorphs were maintained at 238C on a 12 h light cycle and their survival was monitored daily for 14 days. At the end of the Bdþ or Bd2 exposure periods, all surviving animals were euthanized with an overdose of MS-222 and individually preserved in 70% ethanol for later quantification of Bd. We used the quantitative PCR procedure described by Kriger et al. [44] to quantify Bd from tadpole mouthparts (dissected) and hindlimbs (one hindlimb was removed from tadpoles that had developed hindlimbs; see the electronic supplementary material, Methods).
(c) Statistical analyses
Statistical analyses were conducted using R statistical software [45] , and all probability values were calculated using type II sums of squares. Measured atrazine concentration was analysed using a full-factorial model ('lm' function, base package) with developmental window and timing of Bd exposure as the crossed factors. Survival to metamorphosis (binomial error) and time to metamorphosis (normal error) were analysed using generalized linear mixed-effects models ('lmer' function, 'nlme' package) with individual frogs nested within each tank (a random factor), and testing for the main and interactive effects of atrazine treatment and developmental window. Survival of O. septentrionalis during the 6-day atrazine-or solvent-exposure period was analysed identically as survival to metamorphosis except that the analysis also included the factor timing of Bd treatment and associated interaction terms. We also used generalized linear mixed-effects models to analyse survival during the Bd-exposure period (a binomial response; 'lmer' function, 'nlme' package). Given that a portion of the amphibians from each mesocosm were or were not exposed to Bd, individual frogs were again nested within each tank (a random factor) to ensure proper replication within the analysis. In this model, we tested for all main effects (atrazine treatment, developmental window, timing of Bd treatment, Bd treatment) as well as two-, three-and four-way interactions.
We also evaluated whether any differential mortality associated with the treatments could be attributed to changes in resistance or tolerance to Bd. To evaluate the effects of treatments on resistance to Bd, we used generalized mixed-effects models with Bd load as the response variable ('glmmADMB' function, 'glmmADMB' package), individuals nested within tanks (a random effect), and a negative binomial error distribution. For tadpoles, Gosner stage,
Significance of factors in all generalized linear models was determined using log-likelihood ratio tests.
The fitness effects of parasitism can be broken down into two components: (i) the cost of parasite exposure, which is the difference in fitness between organisms that were not exposed to parasites and those that were exposed but not infected, and (ii) tolerance, the change in host fitness as a function of parasite burden [8] . Tolerance analyses seek to test whether any significant effect of treatments on a fitness proxy can be accounted for or nullified by pathogen abundance. Hence, after controlling for the vigour (survival in the absence of parasite exposure), tolerance analyses seek to evaluate whether two groups of hosts with identical parasite abundances differ in fitness [6 -8] . Assuming no change in parasite virulence over the course of infection, the host with the greater fitness is more tolerant of the infection. In each of the two tolerance analyses described in this paragraph, we conducted analyses including and excluding animals that were exposed to Bd and died despite not getting infected, but results were similar regardless of alternative approaches (see the electronic supplementary material, Results). Excluding uninfected but exposed animals isolates the effects of treatments on tolerance, whereas including them considers the effect of treatments on the combination of tolerance and the cost of parasite exposure [8] .
One criticism of traditional tolerance analyses is that researchers often cannot distinguish between host or parasite traits driving differences in fitness among hosts with similar parasite burdens [46] . This complication was avoided in our experiment, because Bd was never exposed to atrazine, only the host was exposed. Thus, any difference in Bd-induced mortality between atrazineand solvent-exposed groups with similar Bd loads must be due to changes in hosts, not Bd. In other words, tolerance, a host trait, is the appropriate term here.
To test for the effects of treatments on tolerance, we repeated the binomial analyses described earlier for frog survival during the Bd-exposure period but only conducted the analysis on animals exposed to Bd and included log Bd load as a covariate. Additionally, we used the same predictors and dataset as above but conducted a censored Cox proportional hazards model to evaluate whether treatments affected how long frogs survived (see electronic supplementary material, Results). Finally, to evaluate the effects of treatments on cost of exposure, we compared the survival (binomial response) of frogs that were challenged with Bd but did not get infected versus frogs that were not challenged with Bd. If atrazine-exposed frogs that were challenged with Bd but did not get infected were still more likely to die than atrazine-exposed frogs that were not challenged with Bd (i.e. an atrazine-by-Bd interaction), then this would indicate that atrazine increased the costs of exposure to Bd.
Results and discussion
None of the factors we manipulated had significant effects on tadpole survival during the 6-day atrazine or solvent (i.e. control) exposure period (d. Although atrazine exposure early in life had no significant effects on survival in the absence of Bd, it significantly increased mortality in the presence of Bd (figure 1), resulting in a significant Bd-by-atrazine interaction (table 1) . Indeed, risk of death was two times more likely for individuals exposed to atrazine and Bd (35.1% mortality) than those exposed to solvent and Bd (15.7% mortality; figure 1) . Mortality in the solvent-treated animals during this two-week exposure period was only 11% (figure 1). There was no significant interaction term that included both atrazine and timing of Bd exposure (table 1), which indicates that the Bd-induced mortality was of a similar magnitude when frogs were exposed to Bd immediately after the 6-day exposure to atrazine or later in life (mean ¼ 46 days; figure 1). Thus, there was no evidence of recovery from early-life exposure to atrazine. Similarly, in a previous study, there was no evidence of amphibian recovery to behavioural alterations induced by early-life exposure to atrazine [28] . Given the lack of recovery from atrazine, the long-term increase in amphibian susceptibility to Bd associated with early-life exposure to atrazine should outweigh any adverse direct effect of atrazine on the short-lived (approx. 24 h) Bd zoospores [40] .
There was also no significant interaction term that included atrazine and developmental window (table 1) . In other words, the increase in Bd-induced death associated with early-life exposure to atrazine was independent of when atrazine exposure occurred during development (figure 1); both exposure windows had similar negative outcomes with respect to death. However, we caution against concluding that amphibians lack developmental windows of sensitivity to atrazine, Table 1 . Statistical results from a generalized linear mixed-effects model examining the effects of atrazine exposure (presence or absence) at two times in Cuban tree frog tadpole development (early or late) on their survival (binomial response) in the presence or absence of the pathogen Batrachochytrium dendrobatidis (Bd). To test for short-term and long-term effects of atrazine on disease resistance, Bd exposure occurred immediately after the atrazine exposure or a mean of 46 days after the atrazine exposure, the latter of which was after metamorphosis. A subset of the tadpoles from a tank were exposed to Bdþ or Bd2 inocula, and thus these individuals were nested within tank and treated as a random factor to ensure proper error structure. rspb.royalsocietypublishing.org Proc R Soc B 280: 20131502
because an actual window of sensitivity could have spanned the end of the first window and the beginning of the second window, precluding detection, and because the entire larval stage could be a developmental window. We explored several potential mechanisms for how atrazine increased Bd-induced death. For instance, frogs are known to be more sensitive to Bd both at smaller sizes and as they approach metamorphosis [19, 20] , and thus it is possible that the effects of atrazine on Bd-induced mortality were simply a function of atrazine affecting frog size and/or development. Indeed, death was significantly more likely when frogs were exposed to Bd after metamorphosis than as tadpoles (table 1 and figure 1 ) and atrazine exposure accelerated tadpole development when it occurred in window two but not window one (atrazine Â window: Wilk's F 2,95 ¼ 3.318, p ¼ 0.040; figure 2a) . Consequently, many tadpoles exposed to atrazine in window two (but not window one) began to metamorphose during the Bd-exposure period ( figure 1) . Further, although atrazine-and solvent-exposed frogs were of similar size when exposed to Bd as tadpoles, when challenged with Bd as metamorphs, atrazine-exposed frogs were generally smaller than solvent-exposed frogs (atrazineÂ timing of Bd:
MANOVA on mass and SVL:
As predicted, tadpole developmental stage (coefficient + s.e.:
0
were indeed significant positive and negative predictors of death from Bd, respectively. These findings indicate that early-life exposure to atrazine reduced amphibian size and accelerated their development (window 2 only), which, in turn, increased their likelihood of dying from Bd exposure. Although atrazine effects on size and development explain some of the susceptibility to Bd, there might also be significant effects of atrazine on Bd-induced mortality independent of effects on size and development, perhaps through atrazinemediated dysregulation of the endocrine and immune systems. To test this hypothesis, we evaluated whether atrazine still had significant effects on Bd-induced mortality after controlling for developmental stage and SVL (a measure of size). Atrazine remained a significant positive predictor of mortality risk when these covariates were added to the model (tadpoles: coefficient + s. [19, 20] , these effects alone were not adequate to explain the increase in Bd-induced mortality associated with atrazine, suggesting that atrazine also had persistent effects on components of host physiology that contributed to the observed Bd-induced mortality. Changes to host resistance or tolerance are two physiological mechanisms by which atrazine could increase Bd-induced death [6] [7] [8] figure 3a ) or any interactions with atrazine (x 2 , 0.80, d.f. ¼ 1, p . 0.370). Hence, despite atrazine-exposed frogs having significantly greater Bd-induced mortality than solvent-exposed frogs, there was no evidence that the atrazine-exposed frogs were less resistant to Bd. By contrast, tolerance differed significantly among the atrazine-and solvent-exposed frogs ( figure 3b,c) ; at the same Bd load, atrazine-exposed frogs were more likely to die than solventexposed frogs (binomial model:
figure 3b,c). The effect of atrazine on tolerance of infections was independent of developmental window and exposure period (x 2 , 0.951, d.f. ¼ 1, p . 0.329) and was not caused by frog size (SVL:
Much of the effect of atrazine on tolerance was driven by atrazine elevating the cost of exposure to Bd [8] , because atrazine-exposed frogs that were challenged with Bd but did not get infected were still more likely to die than atrazine-exposed frogs that were not challenged with Bd (see the electronic supplementary material, Results and figure S4 ). This effect on cost of exposure could be caused by a recently discovered chemical released by Bd that can cause pathology in the absence of infection [47] or collateral damage caused by inflammation [6, 7] , as early-life exposure to atrazine was recently shown to cause hyperinflammation in trout [48] . In summary, we showed that 6-day exposure to an environmentally realistic concentration of atrazine early in the life of an amphibian was associated with long-term increases in mortality from a chytrid fungus implicated in worldwide amphibian declines [11, 12] . We found no evidence of recovery from this exposure, as the magnitude of the atrazine effect on Bd-induced mortality was similar whether frogs were challenged with Bd immediately after atrazine exposure or 46 days later. Hence, amphibians might need to be exposed to atrazine only briefly as larvae for atrazine to cause persistent increases in their risk of Bd-induced mortality, suggesting that the role of atrazine in amphibian declines warrants further, careful investigation. In addition, the 6-day exposure to atrazine was associated with reduced amphibian size that was only apparent later in life (see [30] for similar effect), an effect that can reduce fitness by diminishing reproductive output [49] . These findings are consistent with several studies demonstrating that atrazine can affect physiology, behaviour, growth, immunity and survival of mammals, fish and amphibians [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , and with a recent study demonstrating that atrazine exposure causes negative effects on genes involved in early immunity [48] . However, this study is unique because it demonstrates that early-life exposure to atrazine can have enduring negative effects on tolerance to infections. Similar to our findings, short-term atrazine exposure reduced tadpole tolerance to trematode infections [26] , but in other studies, atrazine altered resistance to infections [21, 25] . Effects of early-life exposure to stressors are complex [50] , and we suspect that the effects of atrazine on these two defence strategies are context-dependent. In conclusion, the findings presented here suggest that understanding and preventing exposure of susceptible populations to early-life conditions that chronically compromise the ability of individuals to cope with infections represents an important and underused approach to disease management that should greatly enhance both wildlife and human health. Figure 3 . Effects of atrazine on the resistance and tolerance to Batrachochytrium dendrobatidis (Bd). Resistance (a) and tolerance (atrazine-exposed (b), solvent-exposed (c)) of Osteopilus septentrionalis frogs to Bd when challenged with Bd immediately after the atrazine exposure or a mean of 46 days later (post-metamorphosis). Animals that died before the end of the experiment, but had zero Bd load, were excluded to isolate the effects of tolerance from cost of exposure [8] , though results were similar when these individuals were included in the analysis (electronic supplementary material, Results). Shown are means (+s.e.) in (a). Given that there was no atrazine-byexposure period interaction for tolerance ( p ¼ 0.681), the load for the post-metamorphic frogs in (b,c) was scaled (multiplied by 1.7) to match that of the pre-metamorphic frogs to facilitate visualizing the overall effect of atrazine, and a single best-fit line is provided for the two exposure periods.
